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Galois conjugation relates unitary conformal field theories (CFTs) and topological quantum field theories
(TQFTs) to their non-unitary counterparts. Here we investigate Galois conjugates of quantum double models,
such as the Levin-Wen model. While these Galois conjugated Hamiltonians are typically non-Hermitian, we find
that their ground state wave functions still obey a generalized version of the usual code property (local operators
do not act on the ground state manifold) and hence enjoy a generalized topological protection. The key question
addressed in this paper is whether such non-unitary topological phases can also appear as the ground states of
Hermitian Hamiltonians. Specific attempts at constructing Hermitian Hamiltonians with these ground states
lead to a loss of the code property and topological protection of the degenerate ground states. Beyond this we
rigorously prove that no local change of basis (IV.5) can transform the ground states of the Galois conjugated
doubled Fibonacci theory into the ground states of a topological model whose Hermitian Hamiltonian satisfies
Lieb-Robinson bounds. These include all gapped local or quasi-local Hamiltonians. A similar statement holds
for many other non-unitary TQFTs. One consequence is that the “Gaffnian” wave function cannot be the ground

non-Hermitian DYL model
o 3 3

state of a gapped fractional quantum Hall state.

PACS numbers: 05.30.Pr, 73.43.-f
I. INTRODUCTION

Galois conjugation, by definition, replaces a root of a poly-
nomial by another one with identical algebraic properties. For
example, 7 and —i are Galois conjugate (consider 22 + 1 = 0)
asare ¢ = HT‘@ and —i = % (consider 22 — z — 1 = 0),
as well as V/2, ¥/2¢2™%/3, and ¥/2e~27%/3 (consider z° — 2 =
0). In physics Galois conjugation can be used to convert non-
unitary conformal field theories (CFTs) to unitary ones, and
vice versa. One famous example is the non-unitary Yang-Lee
CFT, which is Galois conjugate to the Fibonacci CFT (Gz)l,
the even (or integer-spin) subset of su(2)s.

In statistical mechanics non-unitary conformal field theo-
ries have a venerable history.!> However, it has remained less
clear if there exist physical situations in which non-unitary
models can provide a useful description of the low energy
physics of a quantum mechanical system — after all, Galois
conjugation typically destroys the Hermitian property of the
Hamiltonian. Some non-Hermitian Hamiltonians, which sur-
prisingly have totally real spectrum, have been found to arise
in the study of PT-invariant one-particle systems® and in
some Galois conjugate many-body systems* and might be
seen to open the door a crack to the physical use of such
models. Another situation, which has recently attracted some
interest, is the question whether non-unitary models can de-
scribe 1D edge states of certain 2D bulk states (the edge holo-
graphic for the bulk). In particular, there is currently a discus-
sion on whether or not the “Gaffnian” wave function could be
the ground state for a gapped fractional quantum Hall (FQH)
state albeit with a non-unitary “Yang-Lee” CFT describing its
edge.””’ We conclude that this is not possible, further restrict-
ing the possible scope of non-unitary models in quantum me-
chanics.

1106.3267v3 [cond-mat.str-el] 5 Jul 2011

arxXiv

We reach this conclusion quite indirectly. Our main thrust
is the investigation of Galois conjugation in the simplest non-
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Abelian Levin-Wen model.® This model, which is also called
“DFib”, is a topological quantum field theory (TQFT) whose
states are string-nets on a surface labeled by either a triv-
ial or “Fibonacci” anyon. From this starting point, we give
a rigorous argument that the “Gaffnian” ground state cannot
be locally conjugated to the ground state of any topological
phase, within a Hermitian model satisfying Lieb-Robinson
(LR) bounds® (which includes but is not limited to gapped
local and quasi-local Hamiltonians).

Lieb-Robinson bounds are a technical tool for local lattice
models. In relativistically invariant field theories, the speed of
light is a strict upper bound to the velocity of propagation. In
lattice theories, the LR bounds provide a similar upper bound
by a velocity called the LR velocity, but in contrast to the rel-
ativistic case there can be some exponentially small “leakage”
outside the light-cone in the lattice case. The Lieb-Robinson
bounds are a way of bounding the leakage outside the light-
cone. The LR velocity is set by microscopic details of the
Hamiltonian, such as the interaction strength and range. Com-
bining the LR bounds with the spectral gap enables us to prove
locality of various correlation and response functions. We will
call a Hamiltonian a Lieb-Robinson Hamiltonian if it satisfies
LR bounds.

We work primarily with a single example, but it should be
clear that the concept of Galois conjugation can be widely ap-
plied to TQFTs. The essential idea is to retain the particle
types and fusion rules of a unitary theory but when one comes
to writing down the algebraic form of the F'-matrices (also
called 65 symbols), the entries are now Galois conjugated. A
slight complication, which is actually an asset, is that writing
an F-matrix requires a gauge choice and the most convenient
choice may differ before and after Galois conjugation.

Our method is not restricted to Galois conjugated DFib¥

and its factors Fib¥ and Fibg, but can be generalized to in-
finitely many non-unitary TQFTs, showing that they will not
arise as low energy models for a gapped 2D quantum mechan-
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FIG. 6. (color online) Ground-state degeneracy splitting of the non-
Hermitian doubled Yang-Lee model when perturbed by a string ten-

sion (6 #£ 0).

["Galois Conjugates of Topological Phases”, Freedman et al., 2012]
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e Think about regenerating a figure
from a paper written two years ago

- Do you have the input data?

- Do you know what software you
used? Do you need to install it”

- Does the software run on your current
machine? Did the interfaces change”?

- Can you recreate the workflow/script?
- How do you set the parameters”?

- Does everything run but you get a
different result?

- |s there a parameter/data file you
forgot to record”?
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Reproducibility

e Capture how results were achieved

¢ [ncludes many different items
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Ensure Quality, Reliability, & Trustworthiness

[Pentium Chip with FDIV Bug, Photo by Konstantin Lanzet, CC BY-SA 3.0]

David Koop & ATPESC 2015 m UMass | Dartmouth


http://creativecommons.org/licenses/by-sa/3.0/

| Direct Contact | Secondhand Contact
| | Experimental Condition
| | Same-Sex Marriage Script by Gay Canvasser
O | |~ Recycling Script by Gay Canvasser
S | | ' Same-Sex Marriage Script by Straight Canvasser
= | | | Recycling Script by Straight Canvasser
S o 2 S| 2
I S | ()
= s E @ =¥ @
35 ol 2 S &
— (@) bt ()
' ol 3 ol S
Q =3 Q £ O
E ()] I 7] I
© 2 %)
N c;s I i fg I
— c \ c
O ®| ®|
=  04- O I O |
o | |
Q | l !
S | YV |
%) | \ ' |
S | fo N % |
= ] | P |
(_.CD 00_ ...... : ................................ i S B SR :
| I |
I - I
I I I I I I I I I I I I I I
-3 3 12 2327 45 280 -3 3 12 2327 45 280

Days Since Treatment

Note: The first vertical dashed line represents the canvassing intervention, which was administered between Internet survey waves 1 and 2. The second
vertical dashed line represents the U.S. Supreme Court decisions striking down California’s ban on same-sex marriage. The Y-axis is opinion change
between the baseline survey and subsequent survey waves, with higher scores indicating more support for same-sex marriage. Points represent mean
values, bars display 95% bootstrap confidence intervals.

[LaCour and Green, Science, 2014 (Retracted 2015)]
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Political Science Study in the News
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Note: The first vertical dashed line represents the canvassing intervention, which was administered between Internet survey waves 1 and 2. The second
vertical dashed line represents the U.S. Supreme Court decisions striking down California’s ban on same-sex marriage. The Y-axis is opinion change
between the baseline survey and subsequent survey waves, with higher scores indicating more support for same-sex marriage. Points represent mean
values, bars display 95% bootstrap confidence intervals.

[LaCour and Green, Science, 2014 (Retracted 2015)]
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Reproducing Results

LaCour (2014) Study 2, Baseline

e "[rregularities in LaCour (2014)",
Broockman, Kalla, and Aronow,
2015

| e Tried their own pilot study and were

unable to get similar results
| | | ! e Found published data matched
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|[Broockman et al., 2015]
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Reproducing Results

LaCour (2014) Study 2, Baseline

e "[rregularities in LaCour (2014)",
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2015
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Remaining Uncertainties

e We do not have access to the same-sex marriage question in CCAP, so we cannot evaluate the similarities
of LaCour (2014)’s same-sex marriage question to the CCAP on that item.

e The claimed treatment effect was heterogeneous by canvasser attributes and the posted replication file
does not have canvasser identifiers, so it is difficult to perform diagnostics on the responses of those
assigned to treatment.

o The data for the abortion study reported at http://www.cis.ethz.ch/content /dam/ethz/special-interest/
gess/cis/cis-dam /CIS__DAM_ 2015/Colloquium /Papers/LaCour_2015.pdf in LaCour (2015) is not
currently publicly available.
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etraction

e Green, one of the two authors,
requested retraction after these

May 19, 2015

o guestions arose

Re: Retraction of “LaCour, Michael |, and Donald P. Green. 2014. When Contact Changes
Minds: An Experiment on Transmission of Support for Gay Equality. Science. 346(6215):
1366-1369.”

I write to request a retraction of the above Science report. Last weekend, two UC Berkeley

’ dat Id not b
¢ ...Survey dala couid not pe
graduate students (David Broockman, and Josh Kalla) who had been working on a research . . . .
project patterned after the studies reported in our article brought to my attention a series
of irregularities that called into question the integrity of the data we present. They crafted rac e O a n y O rl g I n a I n g u a rI C S

a technical report with the assistance of Yale professor, Peter Aronow, and presented it to
me last weekend. The report is attached. I brought their report to the attention of Lynn

| ] | ]
Vavreck, Professor of Political Science at UCLA and Michael LaCour’s graduate advisor, who S O u rC e fl | eS I e m h aS I S ad d e d
confronted him with these allegations on Monday morning, whereupon it was discovered
that the on-line survey data that Michael LaCour purported to collect could not be traced to

any originating Qualtrics source files. He claimed that he deleted the source file
accidentally, but a Qualtrics service representative who examined the account and spoke

with UCLA Political Science Department Chair Jeffrey Lewis reported to him that she found o " o fai I u re to p ro d u C e t h e raW d ata

no evidence of such a deletion. On Tuesday, Professor Vavreck asked Michael LaCour for
the contact information of survey respondents so that their participation in the survey

could be verified, but he declined to furnish this information. With respect to the .

implementation of the surveys, Professor Vavreck was informed that, contrary to the C O u p e W I t t e O-t e r C O n C e r n S
description in the Supplemental Information, no cash incentives were offered or paid to

respondents, and that, notwithstanding Michael LaCour’s funding acknowledgement in the

| |
published report, he told Professor Vavreck that he did not in fact accept or use grant O‘t e d a b O e u d e m e S t h e
money to conduct surveys for either study, which she independently confirmed with the n V n r I n

UCLA Law School and the UCLA Grants Office. Michael LaCour’s failure to produce the raw

data coupled with the other concerns noted above undermines the credibility of the n agm
credibility of the

I am deeply embarrassed by this turn of events and apologize to the editors, reviewers, and

findings" (emphasis added)

e Science retracted the paper on May
28, 2015
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Unencumbered Exploration & Learning
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Data Exploration

Data
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Data Exploration
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[Modified from Van Wijk, Vis 2005]
e Data analysis and visualization are iterative processes

¢ |n exploratory tasks, change is the norm!
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Exploration and Creativity Support

e Reasoning is key to the exploratory processes

¢ "Reflective reasoning requires the ability to store temporary results,
to make inferences from stored knowledge, and to follow chains of
reasoning backward and forward, sometimes backtracking when a
promising line of thought proves to be unfruitful. ...the process is
slow and laborious” — Donald A. Norman

e Need external aids—tools to facilitate this process
- Creativity support tools [Ben Shneiderman]
e Need aid from people—collaboration
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Provenance in Art

Rembrandt van Rijn

Dutch, 1606 - 1669
Self-Portrait, 1659

oil on canvas

Andrew W. Mellon Collection
1937.1.72

Provenance

George, 3rd Duke of Montagu and 4th Earl of Cardigan [d. 1790], by
1767;[1] by inheritance to his daughter, Lady Elizabeth, wife of Henry, 3rd
Duke of Buccleuch of Montagu House, London; John Charles, 7th Duke
of Buccleuch; (P. & D. Colnaghi & Co., New York, 1928); (M. Knoedler &
Co., New York); sold January 1929 to Andrew W. Mellon, Pittsburgh and
Washington, D.C.; deeded 28 December 1934 to The A.W. Mellon
Educational and Charitable Trust, Pittsburgh; gift 1937 to NGA.

[1] This early provenance is established by presence of a mezzotint after
the portrait by R. Earlom (1743-1822), dated 1767. See John Charrington,
A Catalogue of the Mezzotints After, or Said to Be After, Rembrandt,
Cambridge, 1923, no. 49.

Associated Names

Buccleuch, Henry, 3rd Duke of

Buccleuch, John Charles, 7th Duke of

Colnaghi & Co., Ltd., P. & D.

Knoedler & Company, M.

+ Mellon, Andrew W.

+ Mellon Educational and Charitable Trust, The A.W.

+ Montagu, and 4th Earl of Cardigan, George, 3rd Duke of

[National Gallery of Art]
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Provenance in Science

* Provenance: the lineage of data, a A —
computation, or a visualization i, !
- Provenance is as (or more) .
. I 3-8 'i_g n gl R A ==0] o
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e Old solution: =
- Lab notebooks & ,, (efcte), (). S <
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- Complex analyses
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[DNA Recombination, Lederberg]
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Provenance in Science
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Provenance in Computational Science
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Improving the Visualizations for CMOP Part 3

B .

- @ S 20

Fig. 7: Using the blog to document processes: A visualization expert
created a series of blog posts to explain the problems found when gen-
erating the visualizations for CMOP.
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Evolution of Publication

e Publish paper

e Publish code

e Publish computational experiments/tests

e Publish provenance (what actually happens during your runs)

David Koop Q ATPESC 2015 m UMass| . 18



rovenance-Rich Publication

Galois Conjugates of Topological Phases

M. H. Freedman,' J. Gukelberger,> M. B. Hastings,' S. Trebst,' M. Troyer,> and Z. Wang'

'Microsoft Research, Station Q, University of California, Santa Barbara, CA 93106, USA
2Theoretische Physik, ETH Zurich, 8093 Zurich, Switzerland
(Dated: July 6, 2011)

Galois conjugation relates unitary conformal field theories (CFTs) and topological quantum field theories
(TQFTs) to their non-unitary counterparts. Here we investigate Galois conjugates of quantum double models,
such as the Levin-Wen model. While these Galois conjugated Hamiltonians are typically non-Hermitian, we find
that their ground state wave functions still obey a generalized version of the usual code property (local operators
do not act on the ground state manifold) and hence enjoy a generalized topological protection. The key question
addressed in this paper is whether such non-unitary topological phases can also appear as the ground states of
Hermitian Hamiltonians. Specific attempts at constructing Hermitian Hamiltonians with these ground states S 3 3
lead to a loss of the code property and topological protection of the degenerate ground states. Beyond this we
rigorously prove that no local change of basis (IV.5) can transform the ground states of the Galois conjugated
doubled Fibonacci theory into the ground states of a topological model whose Hermitian Hamiltonian satisfies
Lieb-Robinson bounds. These include all gapped local or quasi-local Hamiltonians. A similar statement holds
for many other non-unitary TQFTs. One consequence is that the “Gaffnian” wave function cannot be the ground

non-Hermitian DYL model

state of a gapped fractional quantum Hall state.

PACS numbers: 05.30.Pr, 73.43.-f
I. INTRODUCTION

Galois conjugation, by definition, replaces a root of a poly-
nomial by another one with identical algebraic properties. For
example, 7 and —i are Galois conjugate (consider 22 + 1 = 0)
as are ¢ = HT‘@ and —i = % (consider 22—z —1 = 0),

as well as V/2, ¥/2¢2™%/3, and ¥/2e~27%/3 (consider z° — 2 =
0). In physics Galois conjugation can be used to convert non-
unitary conformal field theories (CFTs) to unitary ones, and
vice versa. One famous example is the non-unitary Yang-Lee
CFT, which is Galois conjugate to the Fibonacci CFT (Gz)l,
the even (or integer-spin) subset of su(2)s.

In statistical mechanics non-unitary conformal field theo-
ries have a venerable history.!> However, it has remained less
clear if there exist physical situations in which non-unitary
models can provide a useful description of the low energy
physics of a quantum mechanical system — after all, Galois
conjugation typically destroys the Hermitian property of the
Hamiltonian. Some non-Hermitian Hamiltonians, which sur-
prisingly have totally real spectrum, have been found to arise
in the study of PT-invariant one-particle systems® and in
some Galois conjugate many-body systems* and might be
seen to open the door a crack to the physical use of such
models. Another situation, which has recently attracted some
interest, is the question whether non-unitary models can de-
scribe 1D edge states of certain 2D bulk states (the edge holo-
graphic for the bulk). In particular, there is currently a discus-
sion on whether or not the “Gaffnian” wave function could be
the ground state for a gapped fractional quantum Hall (FQH)
state albeit with a non-unitary “Yang-Lee” CFT describing its
edge.””’ We conclude that this is not possible, further restrict-
ing the possible scope of non-unitary models in quantum me-
chanics.

1106.3267v3 [cond-mat.str-el] 5 Jul 2011

arxXiv

We reach this conclusion quite indirectly. Our main thrust
is the investigation of Galois conjugation in the simplest non-

David Koop

Abelian Levin-Wen model.® This model, which is also called
“DFib”, is a topological quantum field theory (TQFT) whose
states are string-nets on a surface labeled by either a triv-
ial or “Fibonacci” anyon. From this starting point, we give
a rigorous argument that the “Gaffnian” ground state cannot
be locally conjugated to the ground state of any topological
phase, within a Hermitian model satisfying Lieb-Robinson
(LR) bounds® (which includes but is not limited to gapped
local and quasi-local Hamiltonians).

Lieb-Robinson bounds are a technical tool for local lattice
models. In relativistically invariant field theories, the speed of
light is a strict upper bound to the velocity of propagation. In
lattice theories, the LR bounds provide a similar upper bound
by a velocity called the LR velocity, but in contrast to the rel-
ativistic case there can be some exponentially small “leakage”
outside the light-cone in the lattice case. The Lieb-Robinson
bounds are a way of bounding the leakage outside the light-
cone. The LR velocity is set by microscopic details of the
Hamiltonian, such as the interaction strength and range. Com-
bining the LR bounds with the spectral gap enables us to prove
locality of various correlation and response functions. We will
call a Hamiltonian a Lieb-Robinson Hamiltonian if it satisfies
LR bounds.

We work primarily with a single example, but it should be
clear that the concept of Galois conjugation can be widely ap-
plied to TQFTs. The essential idea is to retain the particle
types and fusion rules of a unitary theory but when one comes
to writing down the algebraic form of the F'-matrices (also
called 65 symbols), the entries are now Galois conjugated. A
slight complication, which is actually an asset, is that writing
an F-matrix requires a gauge choice and the most convenient
choice may differ before and after Galois conjugation.

Our method is not restricted to Galois conjugated DFib¥

and its factors Fib¥ and Fibg, but can be generalized to in-
finitely many non-unitary TQFTs, showing that they will not
arise as low energy models for a gapped 2D quantum mechan-

ground-state degeneracry splitting (E|-E)) x 100
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FIG. 6. (color online) Ground-state degeneracy splitting of the non-
Hermitian doubled Yang-Lee model when perturbed by a string ten-

sion (6 #£ 0).

[Freedman et al., 2012]

/A
4 Sl | Dartmouth

@ ATPESC 2015



Benetits of Provenance-Rich Publications

e Produce more knowledge—not just text

e Allow scientists to stand on the shoulders of giants (and their own)
e Science can move faster!

e Higher-quality publications

e Authors will be more careful

e Many eyes to check results

e Describe more of the discovery process: people only describe
successes, can we learn from mistakes”?

e EXpose users to different techniques and tools: expedite their
training; and potentially reduce their time to insight

David Koop & ATPESC 2015 m UMass | . . 20



Provenance Definitions

e Dictionary: "the source or origin of an object; its history and
pedigree; a record of the ultimate derivation and passage of an item
through its various owners."

e Focus on causality —the sequence of steps that detail how a result
was generated and/or derivation —what data a result depended on

e Provenance itself is data, this list of steps along with metadata for
each step: when it occurred, who Initiated it, notes about it

e Can be used to preserve information about an experiment and to
answer many questions

David Koop & ATPESC 2015 m UMass| . 21



Workflows

- e Abstract computation

O000oooo
—> vtkStructuredPointsReader

DATA his e Computational modules connected
/ through input and output ports

OooOoooothog
vtkContourFilter

ol

/

O00000oomg
vtkDataSetMapper

|

O ooomhooo
vtkCamera vtkActor

\/

oooohhooon
vtkRenderer

ofooog
VTKCell
0

e Data flows along the connections

IMAGE
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Provenance Graph

ex:vtkStructuredDataReader

wasGeneratedBy

prov:startTime 2015-08-11T10:30:00

ex:vtkContourFilter

wasGeneratedBy

prov:startTime 2015-08-11T10:30:05

ex:vtkDataSetMapper

wasGeneratedBy

prov:startTime 2015-08-11T10:30:06

ex:mappedData

ex:vtkCamera ex:vtkActor

wasGeneratedBy

ex:cameraSettings

wasGeneratedBy

prov:startTime 2015-08-11T10:30:07 prov:startTime 2015-08-11T10:30:07

ex:vtkRenderer

wasGeneratedBy

prov:startTime 2015-08-11T10:30:08

ex:VTKCell

wasGeneratedBy

prov:startTime 2015-08-11T10:30:12
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Provenance Graph

sed

ex:vtkStructuredDataReader

wasGeneratedBy

prov:startTime 2015-08-11T10:30:00

sed

ex:vtkContourFilter

wasGeneratedBy

prov:startTime 2015-08-11T10:30:05

ex:1sosurface
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Provenance Quest

I0ONS

ooooooo

—> vtkStructuredPointsReader
pa

DATA /

OooOoooothog
vtkContourFilter

ol

/

O00000oomg
vtkDataSetMapper

|

¢ \/Vhat process led to the output
image”

¢ \Vhat input datasets contributed to
the output image”?

e \Vhat workflows create an
iIsosurface with isovalue 577

o\

O ooomhooo
vtkCamera vtkActor

o\

\/

oooohhooon
vtkRenderer

ofooog
VTKCell
0

o \V
o \V

IMAGE

NO create this data product?
nen was this data file created?
Ny was vtkCamera used?

ny do two output images differ?

David Koop
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Provenance Management

e Provenance can be generated from tasks/programs/scripts/etc.
e Properties of provenance is related to the computational model
- a specific application with a graphical interface
- a script that automates the use of several command-Iline tools
- a scientific workflow that combines several tools

David Koop & ATPESC 2015 m UMass | . 2



Provenance & Causality

e Knowing what data/steps influenced other data/steps is important!
e Data dependencies: this output file depended on this input file

e Data-process dependencies: this output figure depended on these
Processes

e Causality can often be represented as a graph where connections
represent dependencies

V%
Y wasGeneratedBy

wasGeneratedB - .
exc:composel <4 Y exc:composition1 M exc:illustrate1 < exc:chart

exc:regionList1
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User-defined provenance

e Goal: capture lots of provenance automatically based on what
steps are executed

¢ Problem: not everything can be captured automatically
e Annotations offer ablility to keep notes about processes

e Users might also specify known causal links that cannot be
automatically determined (e.g. a step depends on three system files
that were not specified as inputs in the workflow)

David Koop & ATPESC 2015 m UMass | . 27



Provenance Management

¢ \Vhat is needed to capture, store, and use provenance”?
1. Capture mechanism
2. Model for representing provenance
3. Tools to store, query, and analyze provenance

David Koop Q ATPESC 2015 m UMass | . 28



Provenance Capture Mechanisms

¢ \\Norkflow-based

- Since workflow execution is controlled, keep track of all the
workflow modules, parameters, etc. as they are executed

¢ Process-based

- BEach process is required to write out its own provenance
information (not centralized like workflow-based)

e OS-based

- The OS or filesystem is modified so that any activity it does it
monitored and the provenance subsystem organizes it

¢ [radeoffs:

- Workflow- and process-based have better abstraction, OS-based
requires minimal user effort once installed and can capture
"hidden dependencies”

David Koop & ATPESC 2015 m UMass | . 2



Provenance Granularity

e How detailed should our provenance be”?

- Coarse: "This program ran with inputs X, y, z and produced
outputs a, b, c’

- Fine: "Input x was read into register 4, input y was read in register
5, add operation was performed using registers 4 and 5, ..."

e More queries are possible with fine-grained provenance, but...
- Storage concerns
- Performance concerns

e Abstraction can help here

David Koop & ATPESC 2015 m UMass| . 30



Abstraction: Script, Workflow, Abstract \Workflow

data = vtk.vtkStructuredPointsReader ()
data.SetFileName (../examples/data/head.120.vtk)

contour = vtk.vtkContourFilter ()
contour.SetInput (data.GetOutput ())
contour.SetValue (0, ©67)

mapper = vtk.vtkPolyDataMapper ()
mapper.SetInput (contour.GetOutput ())
mapper.ScalarVisibilityOff ()

actor = vtk.vtkActor ()
actor.SetMapper (mapper)

cam = vtk.vtkCamera ()
cam.SetViewUp (0,0,-1)
cam.SetPosition (745,-453,369)
cam.SetFocalPoint (135,135,150)
cam.ComputeViewPlaneNormal ()

ren = vtk.vtkRenderer ()
ren.AddActor (actor)
ren.SetActiveCamera (cam)
ren.ResetCamera ()

renwin = vtk.vtkRenderWindow ()
renwin.AddRenderer (ren)

style = vtk.vtkInteractorStyleTrackballCamera ()
iren = vtk.vtkRenderWindowInteractor ()
iren.SetRenderWindow (renwin)
iren.SetInteractorStyle(style)
iren.Initialize ()

iren.Start ()

David Koop

O000Ooano
FileName | .../head.120.vtk € vtkStructuredPointsF{eadeLTl:| -
O000000mOoo

Value (0,67) e vtkContourFiItell;__| -

: O00000oOoomo
ViewUp (0,0,-1) vtkDataSetMapper
Position (745,-453,369)

FocalPoint | (-135,135,150) /
O O00oMmoog
vtkCamera vtkActor
O00oO0bhMOooOoo

vikRenderer

Omoooo
VTKCell

0
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Abstraction: Script, Workflow, Abstract \Workflow

data
data.

conto
conto
conto

mappe
mappe
mappe

actor
actor

cam =
cam.S
cam.S
cam.S
cam.C

ren =
ren.S

renwi
renwi

style
iren

iren.
iren.
iren
iren

ren.AddActor (actor)

= vtk.v c ()

SetFild Read F||e b2d.120.vtk)

ur = vtk.vtkContougbtilter ()
ur.SetInput (data.GqtOutput ())
ur.SetValue (0, 67)

r = vtk.vtkPolyDatgdMapper ()
r.SetInput(contour¥GetOutput ()

r.Scal
L Extract
.SetMa |SosurfaCG

vtk.vtkCamera ()

etViewUp (0,0,-1)
etPosition (745,-453,369)
etFocalPoint (135,135,150)
omputeViewPlaneNorrgal ()

vtk.vtkRenderer ()

etActiveCamera (cam¢

ren.ResetCamera ()

n = vtk

n.AddRel Render
= vtk. VISU&lIZ&tIOn pballCamera ()

= vtk.V C ()
SetRendETrWINOOW (LenwWLIl)
SetInteractorStyle(style)

.Initialize ()
.Start ()

OO0Oo0ooo
FileName | .../head.120.vtk (€ vtkStructuredPointsF{eadeLTl:| -
O0000o00omhog

Value (0,67) e vtkContourFiItell;__| -

: O00000oOoomo
ViewUp (0,0,-1) vtkDataSetMapper
Position (745,-453,369)

FocalPoint | (-135,135,150)

< |

O

Ooomoog
vtkCamera vtkActor

\/

Oooomthogog
vikRenderer

Omoooo

VTKCell
]
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Abstraction: Provenance Views

ex:inputFile

ex:vtkStructuredDataReader

wasGeneratedBy

ex:ReadFile

prov:startTime 2015-08-11T10:30:00

wasGeneratedBy

ex:vtkContourFilter

wasGeneratedBy

ex:isosurface

ex:.dataset prov:startTime 2015-08-11T10:30:00
prov:startTime 2015-08-11T10:30:05 v

A
used
ex:vtkDataSetMapper
wasGeneratedBy
ex:Extractlsosurface
ex:mappedData prov:startTime 2015-08-11T10:30:06

ised /

wasGeneratedBy
ex:vtkCamera ex:vtkActor

wasGeneratedBy wasGeneratedBy

ex:cameraSettings

ex:vtkRenderer

ex:isosurface prov:startTime 2015-08-11T10:30:04

prov:startTime 2015-08-11T10:30:07 prov:startTime 2015-08-11T10:30:07

wasGeneratedBy

ex:RenderVisualization

prov:startTime 2015-08-11T10:30:08

ex:VTKCell

wasGeunerdatedByv

wasGeneratedBy

ex:image

ex:image ) prov:startTime 2015-08-11T10:30:10

prov:startTime 2015-08-11T10:30:12
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Provenance Storage

e Keeping provenance for each data item means lots of repetition

¢ Nested data storage also induces repetition

e Coarse provenance is naturally more compact, but how to decide
what (not) to store”?

e Repeated provenance is ot uncommon:
- Repeating the same computation with a different parameter

- Creating a new computation that has a very similar structure to
one that was run two weeks ago

e Provenance compression/factorization techniques (e.g. [Chapman
et al., 2008], [Anand et al., 2009]) take advantage of that to reduce

storage costs
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Provenance Storage Formats

¢ Fles, relational databases, XML databases, RDF (linked data)

¢ | 0g files are good for preserving data but can be bad to query or
analyze

e Relational databases are great for column-specific queries but can
be bad for dependency queries

e XML databases are more portable than relational databases but are
usually less efficient for queries

e RDF triples are better for dependencies and integrating domain-
specific knowledge but can be slower

David Koop & ATPESC 2015 m UMass | . a



Layered Provenance

e As with relational databases, want to normalize provenance to
minimize redundant information

e Example: Don’t store workflow specification each time that
workflow Is executed—store it once and reference it

¢ Also allow different layers for different aspects of provenance

Workflow template Abstract workflow Workflow evolution

Service instantiation

Workflow instance
Data instantiation
Executable workflow

A A Y
Execution log Execution log Execution log

Pegasus Redux VisTrails

Workflow instance

[Freire et. al, 2008]
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Provenance Models

e How provenance is represented (more abstract than the details of
now it is actually stored)

e PROV (W3C Standard) has different storage backends for
orovenance but all of it conforms to the same model

e Model the objects involved and their relationships (e.g. activities,
dependencies)

¢ [nteroperabllity is a concern

- Why”? May use multiple tools/techniques to achieve a result, want
to analyze the entire provenance chain

David Koop & ATPESC 2015 m UMass| . 36



Prospective and Retrospective Provenance

e Prospective provenance is what was specified/intended
- a workflow, script, list of steps
e Retrospective provenance is what actually happened

- actual data, actual parameters, errors that occurred, timestamps,
machine information

* Do not need prospective provenance to have retrospective
orovenance!

e Retrospective provenance is often the same type of information as
orospective plus more

e Could have multiple retrospective provenance traces for one
prospective provenance listing

- %,
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Prospective and Retrospective Provenance

e Example: Baking a Cake
e Prospective Provenance (Recipe):
1. Gather ingredients (3/4 cup butter, 3/4 cocoa, 3/4 cup flour, ...)
2. Preheat oven to 350 degrees
. Grease cake pan
. Mix wet ingredients in large bowl
. Mix dry ingredients in a separate bowl

. Pour batter into cake pan

3
4
5
6. Add dry mixture to wet mixture
5
3. Put pan in the oven and bake for 30 minutes
9

. Take cake out of oven and let it cool

David Koop S ATPESC 2015 m UMass| . 33



Prospective and Retrospective Provenance

e Retrospective Provenance (\What actually happened)

!

1. Went to store to buy butter
. Gathered ingredients (3/4 cup butter, 3/4 cocoa, 1 cup flour, ...)
. Greased cake pan
. Preheated oven to 350 degrees
. Mixed wet ingredients in large bowl

2

3

4

5

6. Mixed dry ingredients in a separate bowil .
7. Added wet mixture to dry mixture
3. Poured batter into cake pan

9. Put pan in the oven and baked for 35 minutes
1

0.Took cake out of oven and let it cool for 10 minutes

David Koop S ATPESC 2015 m UMass| . 39



Provenance Model History

e Community organized provenance challenges (2006-2009)

¢ First Provenance Challenge assessed capabilities of systems

e Second Provenance Challenge examined interoperability

¢ | ed to development of Open Provenance Model (OPM), (2007)
- Sought to establish interchange format for provenance

e Further work led to PROV W3C Recommendations (2013)

- Some confusion from name changes from OPM to PROV even
though concepts are similar

- Focus I1s on model not formats

- %
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PROV: Three Key Classes

An entity is a physical, digital, conceptual, or other kind of

thing with some fixed aspects; entities may be real or

imaginary.

An activity is something that occurs over a period of time
and acts upon or with entities; it may include consuming,
processing, transforming, moditying, relocating, using, or
generating entities.

An agent is something that bears some form of
ag responsibility for an activity taking place, for the existence
of an entity, or for another agent’s activity.

DAE

[Moreau et al., 2014]
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PROV: Three Views of Provenance

wasDerivedFrom

wasAttributedTo

wasinformedBy : actedOnBehalfOf
[Moreau et al., 2014]
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PROV Edges: Derivation

e Derivation Edges:

- wasGeneratedBy: entity — activity
- used: activity — entity

exg:dataSet1

v%

exc:composel <

wasGeneratedBy used wasGeneratedBy

exc:composition1 +—— exczillustrate1 < exc:chart

exc:regionList1

- wasDerivedFrom: entity — entity

ision wasDerivedFrom
exg:dataSet1 <« e aAsonG! exg:dataSet2 « exc:chart2

[PROV Model Primer, 2013]

- %
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PROV Example

ekb:quotelnBlogEntr}'-201:7;()73i26’ -
Blogger's provenance data

tfitle= s )
ilctq':rms.'t “Ie. N Sp—— exn:article
Crime rises in cities /' « SPeCializay; Newspaper’s provenance data
e alio
specializationOf N
exn:articleV1 ¢ alternateOf exn:articleV2
wasDerivedFrom

Ee@] wasAssociatedWith
plan o ,
e instructions M\ \ wasRevisionOf Government agency's
exg-instructions I provenance data
prov:startedAtTime=2012-03-3 1T09; 1.00)
prov:endedAtTime=2012-04-01T15:21:00

prov:generatedAtTime=
2012-03-02T10:30:00

exg:dataSet1

used [ exc:compile1 prov:generatedAtTime= | N
L ’ p ] “’asGeﬂeratedey 2012-04-01T15:21:00
rov:hadRole= —./ > | wasGeneratedB . asGeneratedB wasRevisionOf
Exc, dataToCom Pmc' exc:composel : Y exc:compositiomcused ‘exc:nllustratelw 2 exc:chart1 < exc:chart2
. s
exc:regionList1 ""4 prov:hadRole= wasAssociatedWith wasAttributedTo
- exc:composedData

Chart Generators' provenance data

exc:regionsToAgeregateByY foc e oo
5 geTce . exc:analyst

- _ g = "
prov:hadRole= wasAssociatedWith prov:hadRolE‘l

exc:derek
actedOnBehalfOf

..{ foaf:name=
exc:chartgen "Chart Generators Inc”

foaf:givenName=
"Derek”

foaf:mbox=
"derek@example.org”

[PROV Model Primer, 2013]
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Querying Provenance

e Query methods are often tied to storage backend

e SQL, XQuery, Prolog, SPARQL, ...
CRebUx

SELECT Execution.ExecutableWorkflowld, Execution.Executionld, Event.Eventld, ExecutableActivity.ExecutableActivityld

from Execution, Execution_Event, Event, ExecutableWorkflow_ExecutableActivity, ExecutableActivity,
ExecutableActivity_Property_Value, Value, EventType as ET

where Execution.Executionld=Execution_Event.Executionld

and Execution_Event.Eventld=Event.Eventld

and ExecutableActivity.ExecutableActivityld=ExecutableActivity_Property_Value.ExecutableActivityld

and ExecutableActivity_Property_Value.Valueld=Value.Valueld and Value.Value=Cast('-m 12' as binary)

and ((CONVERT(DECIMAL, Event.Timestamp)+0)%?7)=0 and Execution_Event.ExecutableWorkflow_ExecutableActivityld=
ExecutableWorkflow_ExecutableActivity.ExecutableWorkflow_ExecutableActivityld

and ExecutableWorkflow_ExecutableActivity.ExecutableWorkflowld=Execution.ExecutableWorkflowld

and ExecutableWorkflow_ExecutableActivity.ExecutableActivityld=ExecutableActivity.ExecutableActivityld

and Event.EventTypeld=ET.EventTypeld and ET.EventTypeName='Activity Start’;

/" VisTrails \

wf{*}: x where x.module='AlignWarp' and x.parameter('model)='12"'
and (log{x}: y where y.dayOfWeek="Monday")

/ MyGrid \

SELECT ?p
where (?p <http://www.mygrid.org.uk/provenance#startTime> ?time) and (?time > date)
using ns for <http://www.mygrid.org.uk/provenance#> xsd for <http://www.w3.0rg/2001/XMLSchema#>

SELECT ?p

where <urn:lsid:www.mygrid.org.uk:experimentinstance:HXQOVQA2ZI0>

(?p <http://www.mygrid.org.uk/provenance#runsProcess> ?processname .

?p <http://www.mygrid.org.uk/provenance#processinput> ?inputParameter .

?inputParameter <ont:model> <ontology:twelfthOrder>)

using ns for <http://www.mygrid.org.uk/provenance#> ont for <http://www.mygrid.org.uk/ontology#>

_ )
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Querying Provenance

- e What process led to the output

(I _ ,
—> vtkStructuredPomtsReadeL_[| - /m 8987
DATA ' '
/ o |Vhat input datasets contributed to
DDDDDDDIII!]D th t t/ma 87
vtkContourFllterm o e Oy pu g :
/ e What workflows include resampling
el and isosurfacing with isovalue 577
thkCamera DD%EEEE e Graph traversal or graph patterns
\ / - How do we write such queries”?
oooohhoooo

vtkRenderer

ofooog
VTKCell
0

IMAGE

David Koop & ATPESC 2015 m UMass | . . 4



Querying Provenance by Example

® Provenance is represented as graphs: hard to specify queries using text!

e Querying workflows by example [Scheidegger et al., TVCG 2007;
Beeri et al., VLDB 2006; Beeri et al. VLDB 2007]

- WYSIWYQ -- What You See Is What You Query
- Interface to create workflow is same as to query

Pipeline Interface Query Result

Query Interface

OOOOOO

00000000

Contain v 4877
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Stronger Links Between Provenance and Data

<workflow exec id="1">
<m_exec 1d="5"
name="vtkStructuredDataReader"

version="5.6.0">
<param 1d="2" name="SetFile"
value="/MyData/05-12-sc2.dat" />
</m_exec>
<m_exec 1d="6o"
name="vtkContourFilter"

version="5.6.0">
<param 1id="3" name="SetValue"
value="[1, 571"/>
<param 1d="4" name="ComputeScalarsOn"
value="True"/>
</m_exec>

<m_exec id="11"
name="FileSink"

version="1.5">
<param id="15" name="path"
value="/home/a/results/23.out"/>
</m_exec>

package="edu.utah.sci.vistrails.vtk"

package="edu.utah.sci.vistrails.vtk"

package="edu.utah.sci.vistrails.basic"

¢ Flenames are often the mode of
identification in data exploration

e \We might also use URIs or access
curated data stores

- Can this always be expected for
exploratory tasks”

- What happens if offline?
e Solution:

- Managed store for data
associated with computations

- Improved data identification
- Automatic versioning

[Koop et. al, 2010]
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Stronger Links Between Provenance and Data

e Flenames are often the mode of
<workflow exec id="1"> . . ' ' .
cn exec 1d—r5Y identification in data exploration

name="vtkStructuredDataRead/gr"

Siiiiiii:??é:&ﬁih'SCl'Wtk" e \We might also use URIs or access
<param 1d="2" name="SetFile"
0 curated data stores

value="/MyData/05-12-
</m_exec>

<m_exec id="o" FILE NOT FOUND .
e e |~ GANTNIS @lways e expected for
<paramvigii§?=nirﬁ§;9S;t\/alue" eXploratOry taSkS?
value="[1, 571"/>
“param 1dmrar naneComputescatarsont - What happens if offline”?
</m_exec>
e Solution:
e e et 1esink - Managed store for data
ngl51d5hlb associated with computations
<param 1d="15" name="path"
value="/home/a/results/23.out"/> . - .
i execs reesEs ot - Improved data identification

- Automatic versioning

[Koop et. al, 2010]
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Stronger Links Between Provenance and Data

e Flenames are often the mode of
<workflow exec id="1"> . . ' ' .
cn exec 1d—r5Y identification in data exploration

name="vtkStructuredDataRead/gr"

Sigiigii:??é:&ﬁih'sjl'wtk" e \We might also use URIs or access
<param 1d="2" name="SetFile"
0 curated data stores

value="/MyData/05-12-
</m_exec>

<m_exec id="o" F"_E NOT FOUND .
;zii;gzi]ﬁggz?zigiTizi%vistrails.vtk" - Can thIS alWayS be eXpeCted for
<paramvigii§?=nirﬁ§;9S;t\/alue" eXploratOry taSkS?
value="[1, 571"/>
T aTuemruar oo eaaTon - What happens if offline?
</m_exec>
e Solution:
S ame— i Lesink" - Managed store for data

<param id="15" name="path"
value="/home/a/result

5;;:33;:i‘j?g;.ztah-su-"m“" associated with computations
</m_exec> FLENOTFounD | - Improved data identification

- Automatic versioning

[Koop et. al, 2010]
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Provenance from Data

HASH QUERY
(  newfilename.dat CONTENTS)( 0ab678cd... ) FLE STORE)

OBTAIN
OBTAIN P QUERY FILE REFERENCE
INPUT REFS PROVENANCE
( 12ab3-45ef2.. ) < < (' 12ab3-45ef2... )

( 12ab3-45ef2... )

( 12ab3-45ef2... ) > > F%
QUERY — OBTAIN (Cinputfiles )

FILE STORE INPUT FILES P

[Koop et. al, 2010]
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Provenance-Enabled Systems

Table 1. Provenance-enabled systems.

System
REDUX

Swift
VisTrails

Karma

Kepler
Taverna

Pegasus

PASS
ES3
PASOA/PreServ

David Koop

Capture mechanism

Workflow-based

Workflow-based
Workflow-based

Workflow- and
process-based

Workflow-based
Workflow-based
Workflow-based

OS-based
OS-based

Process-based

Prospective provenance

Relational

SwiftScript
XML and relational

Business Process Execution
Language

MoML
Scufl
OWL

N/A
N/A
N/A

Retrospective
provenance

Relational

Relational

Relational
XML

MoML variation
RDF

Relational

Relational
XML
XML

Workflow evolution
No

No

Yes
No

Under development
Under development
No

No
No
No

[Freire et. al, 2008]
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Provenance-Enabled Systems

More...
Table 1. Provenanc

Available as open

System Storage Query support source?
REDUX Relational database management SQL No
system (RDBMS)

Swift RDBMS SQL Yes

VisTrails RDBMS and files Visual query by example, specialized Yes
language

Karma RDBMS Proprietary API Yes

Kepler Files; RDBMS planned Under development Yes

Taverna RDBMS SPARQL Yes

Pegasus RDBMS SPARQL for metadata and workflow; Yes
SQL for execution log

PASS Berkeley DB nq (proprietary query tool) No

ES3 XML database XQuery No

PASOA/PreServ Filesystem, Berkeley DB XQuery, Java query API Yes

[Freire et. al, 2008]

: .
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Provenance-Enabled Systems

5/(’/;{[[5/7[, IPython Notebook More...

Available as open

System Storage Query support source?
REDUX Relational database management SQL No
system (RDBMS)

Swift RDBMS SQL Yes

VisTrails RDBMS and files Visual query by example, specialized Yes
language

Karma RDBMS Proprietary API Yes

Kepler Files; RDBMS planned Under development Yes

Taverna RDBMS SPARQL Yes

Pegasus RDBMS SPARQL for metadata and workflow; Yes
SQL for execution log

PASS Berkeley DB nq (proprietary query tool) No

ES3 XML database XQuery No

PASOA/PreServ Filesystem, Berkeley DB XQuery, Java query API Yes

[Freire et. al, 2008]
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David Koop {A UMass |, . 5



VisTralls

e Comprehensive provenance infrastructure for computational tasks

e Focus on exploratory tasks such as simulation, visualization, and
data analysis

¢ [ransparently tracks provenance of the discovery process—from
data acquisition to visualization

- The tralil followed as users generate and test hypotheses

- Users can refer back to any point along this trail at any time
¢ | everage provenance to streamline exploration
e Focus on usability —build tools for scientists

- %,
David Koop Q ATPESC 2015 (A UMass| . &



VisTralls

e Open-source, freely downloadable system (www.vistrails.orQ)

- Also on GitHub (github.com/vistrails), PyPI, conda package

e Multi-platform: users on Mac, Linux, and Windows
e Python code and uses PyQt and Qt for the interface
e Over 35,000 downloads

e User’s guide, wiki, and mailing list

e Many users In different disciplines and countries:

* \Visualizing environmental simulations (CMOP STC)  Using tms for improving memory (Pyschiatry, U.
« Simulation for solid, fluid and structural mechanics Utah)
(Galileo Network, UFRJ Brazil)  eBird (Cornell, NSF DataONE)
» Quantum physics simulations (ALPS, ETH Zurich)  Astrophysical Systems (LSU)
e Climate analysis (UV-CDAT, LLNL) * NIH NBCR (UCSD)
» Habitat modeling (USGS)  Pervasive Technology Labs (Indiana University)
» Open Wildland Fire Modeling (U. Colorado, NCAR) * Linkoping University
» High-energy physics (LEPP, Cornell) » University of North Carolina, Chapel Hill
e Cosmology simulations (LANL) « UTEP

David Koop & ATPESC 2015 m UMass| . &


http://www.vistrails.org
http://github.com/vistrails

. £
Example: Workflows
gl
e
= oo 1 oo
) O O _ | GetFareData | DateRange
HTTPFile & HTTPFile HTTPFile I (Group) : (PythonSource)
/ /E‘ /m | | %ﬁuﬂ
m[L O O LI
CSVEIED CSVFile JSONFile (E;'r:gr']-siz'rﬂ;
]
Bl Onloo0n Ooomm
TableCell JoinTables MplFigureProperties MplBar MplAxesProperties
n I | n
Parameters / W
HTTPFile.url web.mta.info/.../fares_130824.csv WL L[
ProjectTabl MplFi
CSVFile.skip_lines 2 o e
JoinTables left_col STATION / /
JoinTables.right_col _key
Om O
MplAxesProps.xlabel Full Fares Purchased GMapCell MplFigureCell

David Koop
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Example: Work

loOws

‘. 5 Faur LA Street ana Qv Avervie
; |
8
R e e j
" X
. ¥ -
ok o
g
: 8 -
5 y
G ok &
) \ ! "
%
o) -

HTTPFile
n

O
CSVFile

niun

/

WL

TableCell

Parameters

HTTPFile.url web.mta.info/.../fares_130824.csv

CSVFile.skip_lines 2

JoinTables.left_col STATION
JoinTables.right_col _key
MplAxesProps.xlabel Full Fares Purchased

([ , OO
O O _ | GetFareData | DateRange
HTTPFile HTTPFile I (Group) : (PythonSource)
Wi o 8
CSVFile JSONFile g;‘gg‘;&ﬂ‘;‘;
OO
m\ / 7 n
mLiLin[sa]E] OO0
JoinTables MplFigureProperties MplBar MplAxesProperties
B]L[wn] mmmO
ProjectTable MplFigure
/ ’ / 4
Om Om
GMapCell MplFigureCell

David Koop
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Example: Workflows

Sy Fant JA) Wt Street and Aiver Averae
" 1
4
)
R ) e e j
s g
y o X
. 4, -
SOy "
{
: LA -~
o ;
X ok o
. - : -
3
o) -

O

HTTPFile
n

O

HTTPFile

O

HTTPFile

/m /m
Om om

| |
| etFareData |
I (Group) :
| |

oo

DateRange
(PythonSource)

nin

L]
CSVFile JSONFile E“Hd'-sabe's
OO n (PythonSource)
\ / n
O B[R BIR[E]L]L
TableCell JoinTables MplFigureProperties MplBar MplAxesProperties
n | n (4
Parameters / W
HTTPFile.url web.mta.info/.../fares_130824.csv Omog LifLilLiT
i o ProjectTable MplFigure
CSVFile.skip_lines 2 n n|
JoinTables left_col STATION / /
JoinTables.right_col _key
Om Om
MplAxesProps.xlabel Full Fares Purchased GMapCell MplFigureCell
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Example: Work

loOws

e G o B
== %
= u‘ L .A ;“ IIIII
= oo 1 OO
) O O _ | GetFareData | DateRange
HTTPFile & HTTPFile HTTPFile I (Group) : (PythonSource)
/ /m / / | | %ﬂm
L O Om LI
CSVEIE - CSVFile JSONFile (Eut'r:d'-sabe'-'*)
DD ythonsource
/ o n n
O B[R] Ooomm
TableCell JoinTables MplFigureProperties MplBar MplAxesProperties
n | o ]
Parameters W
HTTPFile.url web.mta.info/.../fares_130824.csv Omog LifLilLiT
ProjectTable MplFigure
CSVFile.skip_lines n n|
JoinTables.left_col STATION / /
JoinTables.right_col
Om Om
MplAxesProps.xlabel Full Fares Purchased GMapCell MplFigureCell
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Example: Workflows

Sy Fant JA) Wt Street and Aiver Averae
' 1
&4
)
R e 3
s 2
y o X
. 4, -
Sk o
y
: 8 -~
oo <
¥ ok v
. - : -
3
o) -

= oo 1 oo
) O O _ | GetFareData | DateRange
HTTPFile & HTTPFile HTTPFile I (Group) : (PythonSource)
/ /m /III | | %ﬂm
i L [Li LI
CSVEIE - CSVFile JSONFile (E;'r:gr']-siz‘;';
]
/ N M n
O BUL[S[E[E Ooomm
TableCell JoinTables MplFigureProperties MplBar MplAxesProperties
n | g (g
Parameters W
HTTPFile.url web.mta.info/.../fares_130824.csv WL LifLifLi[w]
_ o ProjectTable MplFigure
CSVFile.skip_lines 2 n n|
JoinTables.left_col STATION / /
JoinTables.right_col
Om Om
MplAxesProps.xlabel Full Fares Purchased GMapCell MplFigureCell
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Example: Work

loOws

‘. 5 Faur LA Street ana Qv Avervie
; |
8
R e e j
" X
. ¥ -
ok o
g
: 8 -
5 y
G ok &
) \ ! "
%
o) -

= oo 1 OO
) O O _ | GetFareData | DateRange
HTTPFile & HTTPFile HTTPFile I (Group) : (PythonSource)
/ /m / / | | %ﬂm
O O Om i
CSVEIE - CSVFile JSONFile (Eutir:d'-sabe'-'*)
DD ythonsource
Bl ORAOo00 Ooomm
TableCell JoinTables MplFigureProperties MplBar MplAxesProperties
n | n
Parameters /
HTTPFile.url web.mta.info/.../fares_130824.csv WLiln[w LifLilLil
ProjectTabl MplFi
CSVFile.skip_lines 2 e e
JoinTables left_col STATION / /
JoinTables.right_col _ke
Om WL
MplAxesProps.xlabel Full Fares Purchased GMapCell MplFigureCell
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Execution Provenance

e00 mta-yankees.vt* - VisTrails
&) J U 2 X =8
00 Workspace - - 00 Log Details

€ |E| § Search ‘ﬂ' (] » a » Go to this pipeline ¥,
Current Vistrails | DownloadFile DownloadFile
- [[] Successful [0 Error [} Cached

v J. mta-yankees.vt*
v Workfl
orkflows B Not executed [ Suspended

vyYvYy Yy YV vy yYTST Yy

=5 (latest)
station map + 8* 15:36 08/1...
Control Fl
o0 o - heatmap + 2* 15:3808/1...
CM k
B Start: 2014-08-14 15:38:21.759536
tabledata

ke 161st-River - —
30-D k 1] ‘ ne ' _
'- .ddedwf::e:y D mlh ’ D Jm o ” . initial data + 1* 15:34 08/1
»* August 16 initial data + 2* 15:3508/1...
. 00 = ' 15:36 08/1...
station map + 13* 15:37 08/1...
heatmap + 2* 15:38 08/1...
Maps .
GMapCell »  161st-River + 1* 15:38 08/1...
- 161st-River + 1* 15:39 08/1...
CHapsymbols __ End: 2014-08-14 15:38:23.430314
TRt User: dakoop
URL ° Annotations:
VisTrails Spreadsheet _reason__: Parameter Exploration

— B station map + 2*
Modules omoooon
& G (0 AggregateColumn .
heatmap + 2* 15:38 08/1...
CMapCircles
My SubWorkflows : Completed: Yes
ed68fbc0-23f2-11e4-95d4-c42c0322b4cd

B station map + 4* 15:36 08/1...
Tl % omE0000no »
JoinTables
|
R B heatmap + 2* 15:38 08/1...
CMapHeatmap
heatmap + 2*
PythonCalc
010

_ )
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Workflow Evolution Provenance

HTTPFile

&

CSVFile
[m]m]

initial data

Q9 KR
£ 2
difference

[m]
TableCell

corrected data

november ff november 2 data

H

& K H
sum of ffs . broadway line @ broadway diff map
. |(j'.-ietFareDelta i 5 I:'DateFtange
! \ =] 7]

(Group) (PythonSource)

HTTPFile HTTPFile
n

H

Om
CSVFile
FO0O

30-D weekly

i} oo0omm
MplFigureProperties MplBar MplAxesProperties

JoinTables

[
MplFigure
po

[W]LiTSw]
/ ProjectTable
[m]i]
MplFigureCell
GMapCell

_ )
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Workflow Evolution Provenance

&

initial data

Q9 KR
£ 2
difference

corrected data

november ff november 2 data

H

X K H
@B broadway line @ broadway diff map

H

30-D weekly

East 161t Street 3ns Siver Aversse

_ )
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Workflow Evolution Provenance

HTTPFile

e

(

SelectFromTable
november ff november 2 data

i
d >
SelectFromTable
[+

initial data

corrected data

T A
SelectFromTable

broadway lineg

P>
) Fast 16142 Streat 308 Aiver Aversse “
— SheetReference SelectFromTable
[+ n 1]
30-D weekly [ i
- CellLocation - ProjectTable

n
I / -
LUy u
- GMapCell GMapCircleCell

David Koop
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Workflow Evolution Provenance

O O
HTTPFile HTTPFile
O & n n
HTTPFile HTTPFile /~/ /~/
I n L oM
CSVFile JSONFile
njmjm n
|:”%I:SVF'I |:I%ISONF'I Han0aoe
ile ile .
n[m]m| n \ JoinTables o
OMmOoood Gth Iabel) SelectFromTable -
JoinTables
n 4

—

//,_,// omhoo
SelectFromTable

SheetReference " SelectFromTable — 7

n

filtered mILTE[E
SelectFromTable
///,// //’_,// )
L amoo —
CellLocation ProjectTable omoo
n n SelectFromTable -
L 4
Omo0o
LILi] ProjectTable
GMapCell /\/Ll—-l
M
GMapCircleCell

: .
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Workflow Evolution Provenance
Coers D

filtered

delete module "GMapCell"

_ _ delete module "CellLocation" R I
HTTPFile B HTTPFile | ] | Dltlr_.—/ Dltlf_./
/ / delete module "ProjectTable csvete | | ssonrie
od ol I 1 ?mrﬂmumu
csveie | | Jsonrie delete module "SelectFromTable sentas
\ / SLE[
DEE_DDDD ann SelectFromTable
JoinTables /\/
_— add module "SelectFromTable" Er
SheetReference |:|Eel::e‘f:‘tFromTable /—\_/
/m /m add parameter "float_expr" to "SelectFromTable" -
¥ ettoonton | [ erasttate with value "latitutde > 40.6" e
| N SelectFromTable -
\ / delete parameter "float_expr" from "SelectFromTable" )
[Li]Li ProjectTable
add parameter "float_expr" to "SelectFromTable" —

GMapCircleCell

with value "latitutde > 40.7"
delete parameter "float_expr" from "SelectFromTable"

add parameter "float_expr" to "SelectFromTable"
with value "latitutde > 40.8"
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Evolution Provenance for ParaView

’"KJ L—J I 'mi“am'u'tw Provenance Recoeder o E bX3 |
P8 ? @ALDHLD 90 KAP DS mo wad ¢ B> (04
(e : - TR dd: @S il
. - u
) € Oute
lmm Notes:
a
| Obgect Inspector
Propertes | Deply  Informaton
View
Rescale to Data Range

[VisTrails, Inc.]
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Evolution Provenance for ParaView

’"KJ L—J I 'mi“am'u'tw Provenance Recoeder o E bX3 |
P8 ? @ALDHLD 90 KAP DS mo wad ¢ B> (04
(e : - TR dd: @S il
. - u
) € Oute
lmm Notes:
a
| Obgect Inspector
Propertes | Deply  Informaton
View
Rescale to Data Range

[VisTrails, Inc.]
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Evolution Provenance for ParaView

eNO M VisTrails 2.0 beta
WA d & B880 ¢ 9% U
<untagged>
B8 ? @A DED o6 KA> DM E ™

= ) % | :v;‘ ] . 0 al‘lm
- ) ; ‘ . 2011-12-7 11:57:15 pm
i k(e : v | (Representat T HdRELUE @S G

<untagged>
Spmire Browse Apply
T u 2011-12-7 11:57:18 pm
More Resolution
Apply
2011-12-7 11:57:23 pm
Obgect Inspector

Properbes | Desply  Informaton

<untagged>
Change Solid Color
2011-12-7 11:57:31 pm

<untagged>
vtkSMRe
2011-12-7 11:57:47 pm

Rescale to Data Range

[VisTrails, Inc.]
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Building Visualization Pipelines

O > - Yale

HTTPFile
J 2 o) 2

T VisTrails - Spreadsheet - Untitled

) ewny X (15 [ |

Save Camera

>
<9

0ooootho 4 A B
vtkStructuredPointsRead@er =

0o0oo0ooofoo »
vtkContourFilter

[ [ [ ] i) oo 4
vtkVolymeTextureMapper: n

vtkPrane oo >
vtkCameya og
n vi

0ooo
vtkimplicitPlaneWiddet

0o0000g@on »
vtkCli lyData
oo

4

0oooog

=

oooooooothg »

LilLi >
vtkPolyDataMapper vtkinteractionHapdler n

O
» .
vtkProperty HOOOMmOO ») CellLocation
N vtkActor —j 2
0ooo 4

vtkTransform
] [
PythonSourc

O 4
vtkWindowLevelLookupTable

0000000M00M00 »

vtkimageReslice

0oooooohoooo »
vtklmageReslice

oooooooa  »
vtkPIaneSourc&

00o00oo0odfo »

vtkTexture 0O0oooooo  »
vtkPlaneSource
n| \
oooooooohg  » ooo > oooooooodg »
vtkPolyDataMapper vtkinteractorStylelmage vtkTexture Do0o0ooomMmo »
vtkTexture
0oooooooho » 00O
Doohood » vtkPolyDataMapper vtkinteractorStylelmage 0ooooooodo  » 0oo
vtkActor vtkPolyDataMapper vtkinteractorStylelmage
oootood »
O 3 0o0oooohoooog » vtkActor Doomoon »
CellLocation vtkRenderer vtkActor
O > 0000o0ohooooo »
CellLocation vtkRenderer | 0DOo0oo0ohooooo »
NOooto » ) CellLocation vtkRenderer
VTKCell
mhoooo »
VTKCell mhooho »
VTKCell =

/A
4 Lhiehs | Dartmouth
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Suilding Visualization Pipelines

o o o o o DOO0DO0004O 0o
OoOOo0000
o o o o IIateErode3l| vtkWarpVector vtkExtractEdgq vtkFieldDat{ vtkimplicitSum

vikPiecewiseFunction 00 1]

0 O Euuuuuu OUEIE000000000  jon|00000000
vtkRungeKutta2 [ ays OCbone| VtkLODActor vtkAxes vtkTransformFilter  |metn vtkSphereSourcI% -
o004

] ] L1
=== ' OO0 0OOO000oaon
000 tkimageActor O ‘DataSetReadeL _ i vtkOpenGLVolumeTextureMapper3D

[] vtkCylin| vtkProperty2D

1000000 N
| v|:I CastToConcrete |HU rmfrowSource O vtkPonDataMapperD vtkimageReslice -

Oooooool® ctorStyle | mooooooo  |U e

vtkEIevationl vtkCyIindricaITransformD_”_]L”_| Ol vtkDICOMImageReL vtkLineSourclgI lIDataToPointData
[1[1]

oo vtkActor 0o Ooooooooog_ |

n[Oooooooo
vtkBYUReader | vtkActor2D - vtkGlyph3D |00
l

vtkProperty vtkImageFFTD [Tl vtkTextActor

000000000oooo OS5 e C 55555 e 0

(100
tki R I
vtkimageResample OjpeAxesActor2D vtkHyperOctree ] vtkWarpScalar

L0
R R — OOoOoooodg !
vtkCamer

vikTransform

vtkParametricSuperEllipsoid

LIl o

=

vtkLoopSubdivisionFilter
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Completions

€3 en.wikipedia.org/
http://en.wikipedia.org/ “

http://encarta.msn.com/

http://www.engadget.com/

http://www.engadget.com/2008/09/09/live-from-apples-lets-rock-event-in-san-francisco/

http://en.wikipedia.org/wiki/VisTrails

http://en.wikipedia.org/wiki/ACM_Transactions_on_Graphics

http://en.wikipedia.org/wiki/Barack_Obama

http://en.wikipedia.org/wiki/Columbus,_Ohio

http://en.wikipedia.org/wiki/Joe_Biden A
http://en.wikipedia.org/wiki/John_McCain v

[URL Completion, Safari]

PowerPoint.Shape pic = sld.Shapes.
20, 20, 128, 128, "multiple ., AddDiagram

visualization

;, nu

/7P Point.Sh , Global o4 . visualizations for windows media player 1,670,000 results
owerroint. ape pilc = ona v AddLabel ica . . . .

£ "d:/hvo/vge/sre/vistrails -¢ addline | gui ::zﬁz::::::g: :zgﬂlques ) 22;222 ::::z

N ficrosofr.Offiee.core. Aee 'V.Addmec“agbje':t i! - visualization board 3,380,000 results

tidth, float Height, string ClassMame, string FileMame, | ~%iAddOLEObject P visualization api 2 240.000 results

nLabel, Microsoft, Office.Core,MsaoTriState Link) v AddPicture s ualization toofkit 388000 "

visualization toolki 000 results

//System.Diagnostics. Process. St 9 Addplacsholder /eyt visualization technigue 756,000 results
¥ "d:/hvo/vge/sre/vistrails ¥ AddPolyline fwis , - q '

@ AddShape visualizations photography 1,830,000 results

@ AddTable v visualization meditation 190,000 results

visualizations for media player 1,050,000 results

I I close

[Code Completion, Intellisense] =

[Web Search Completion, Google]
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Visualization Pipeline Completions

(][ m[m[m] 4 nooooo > 0ooooo >
vtkDataSetReader vtkDataSetReader vtkDataSetReader
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Ooooooooooo b Eémnnmmmmu > Ooooooo >
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vtkTubeFilter vtkDataSetMag vtkGlyph3D y e = J N
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O00o0oooaam
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vtkPolyData /per-

@0O000 |
vtkActor
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vtkRenderer
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VisComplete Overview

e Mine provenance collection: ldentify graph fragments that co-occur
in a collection of workflows (Data-Driven)

* Predict sets of likely workflow additions to a given partial workflow

sl

U
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Suggestion Interface

VisTrails Builder - Untitled.xml* =10/1X%
File Edit View Run Vistrall Extras Help

B O H L€ & & | = & € @B ||

- New Open Save Execute Undo Redo | Pipeline | History Query Exploration | Select

Modules EIX! | untitled.xmi* ] X

@, |dataset v| %
E ViK =
- vtkBoxClipDataSet

- vtkClipDataSet

- vtkCompositeDataSetAlgorit...
- vtkDataObjectToDataSetFilter
- vtkDataSetAlgorithm

- vtkDataSetAttributes

- vtkDataSetCollection

- vtkDataSetEdgeSubdivision...
- vtkDataSetMapper

- vtkDataSetSurfaceFilter

- vtkDataSetToDataObjectFilter
- vtkDataSetTriangleFilter

- vtkDataSetWriter

- VtkExtractDataSets

- vtkGenericDataSetTessellator
- vtkHierarchicalBoxDataSet

. vtkHierarchicalBoxDataSetAl...
- vtkHierarchicalDataExtractD...
- vtkHierarchicalDataSetGeo...
- vtkimplicitDataSet

- vtkinterpolateDataSetAttrib...

- vtkMultiBlockDataSet E
L atbMuUItIRIack N ataSat Alaarithm

ed
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Suggestion Interface

VisTrails Builder - Untitled.xml* =10/1X%
File Edit View Run Vistrall Extras Help

B O H L€ & & | = & € @B ||

- New Open Save Execute Undo Redo | Pipeline | History Query Exploration | Select

Modules EIX! | untitled.xmi* ] X

@, |dataset v| %
E ViK =
- vtkBoxClipDataSet

- vtkClipDataSet

- vtkCompositeDataSetAlgorit...
- vtkDataObjectToDataSetFilter
- vtkDataSetAlgorithm

- vtkDataSetAttributes

- vtkDataSetCollection

- vtkDataSetEdgeSubdivision...
- vtkDataSetMapper

- vtkDataSetSurfaceFilter

- vtkDataSetToDataObjectFilter
- vtkDataSetTriangleFilter

- vtkDataSetWriter

- VtkExtractDataSets

- vtkGenericDataSetTessellator
- vtkHierarchicalBoxDataSet

. vtkHierarchicalBoxDataSetAl...
- vtkHierarchicalDataExtractD...
- vtkHierarchicalDataSetGeo...
- vtkimplicitDataSet

- vtkinterpolateDataSetAttrib...

- vtkMultiBlockDataSet E
L atbMuUItIRIack N ataSat Alaarithm

ed
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VisComplete Results

User-Added
Completed
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VisComplete Results

ooooog 0oog ooooooog
vtkDataSetReader vtkTransform vtkSphereSource
710 1 ng
Ooo0ooooog 0
vtkTransformFilter vtkRungeKutta4
0 7
oooooooo OooooooL 0ooooooo Dﬁlﬁ
vtkOutlineFilter vtkMaskPoints vitkArrowSource vtkStreamTracer
o 0o no oo
O00000ooooo 0oooooogd
vtkGlyph3D vtkTubeFilter
oo oo
Oooooooooo Oooooooood Oooooooooo
vtkPolyDataMapper vtkPolyDataMapper vtkProperty J vtkPolyDataMapper vtkProperty _
0 n| r a

Oooooo I
vikActor Loooo oooooo
vtkActor vtkActor _
|

vthendﬂ User-Added
r _ Completed

VTKCell
O
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Visualization by Analogy
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Visualization by Analogy
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Visualization by Analogy

Sheet 1  Sheet 2 . Sheet3 | X
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Visualization by Analogy

Export

HTTPFile
[

]
VikDataSetReader
[DOO0000M0;
VikContourFilter
DO0M000000
VikDataSotMapper
EEELEE
VtkActor
I

L
VTKCell

»
HTTPFil
PythonSource
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EEEEEE >
VikDataSetReader
]

EEELE
VtkDataSotMapper
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EEELEE
VtkActor
o
[EEEEE
VtkRenderer

g

L
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=]

HTTPFile

David Koop
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PythonSource
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o]
o]
DO00000m00 by
VikContourFilter
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VikActor
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>
i
o
=]
o
)
»
Al
nls]
=]
)

Sheet 1 Sheet 2
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PythonSource
EEEEEE »
VikDataSetReader
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VtkSmoothPolyDataFilter
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DO00000000 b
VikDataSetMapper
I
EEEEEEE
VikActor
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EEEEEEEL
VikRenderer
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Generating Visualizations by Analogy

PDB Report
Protein Title NEURAL CELL ADHESION
MOLECULE, MODULE 2, NMR, 20
STRUCTURES
Authors P.H.JENSEN, V.SOROKA,

N.K.THOMSEN, V.BEREZIN,
E.BOCK, F.M.POULSEN

(Q/nt C: 9560
H: 15440

N: 2580

0: 2680
S:60

PDB Entry

IS to

as IS tO

_ )
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Generating Visualizations by Analogy
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Generating Visualizations by Analogy

e Compute difference A(A,B) from
provenance

- D = A(A,B) o C is often not a valid
workflow
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Generating Visualizations by Analogy

e Compute difference A(A,B) from
provenance

- D = A(A,B) o C is often not a valid
workflow

e Find map between A & C: map(A,C)

| M = MAP(A, C) |
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Generating Visualizations by Analogy

e Compute difference A(A,B) from
provenance

- D = A(A,B) o C is often not a valid
workflow

e Find map between A & C: map(A,C)

e Compute mapped difference
AAC(A,B) =map(A,C) A(A,B)

-D=AAC(AB) o C

M = MAP(A, C) |
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Vision: Provenance-Rich Science

LN - | A . ( Visualization

DATA DATA

A 1

J |
) f
- &
Prtmmbrnats,, Tests 2v5 —-—
- Fig. 8 Visualizing a binary star system simulation.  Thi
st o s e is an image that was generated by embedding a workflow di-
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Provenance in Teaching

¢ "Using VisTrails and Provenance for - Bt
’_d Save Camera

Teaching Scientific Visualization®
[Silva et al., 2010]
e Same features that scientists use

for exploratory tasks can also
benefit students

- Exploration: see all pipelines not
just a "final" one

- Comparison: see different
pipelines and what changes exist

- Assessment: see how a solution
was developed

- %
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Provenance Analysis of Projects

Activity Histograms by Date

14000 — —
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[Lins et al., 2008]
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Provenance Analysis of Projects

Comparing Paths to Solutions for Two Students
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[Lins et al., 2008]
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Conclusion: Uses of Provenance

ABB5E1-66
$X837

Reproducibllity
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Conclusion: Take-Home Points

e Provenance Is Iimportant

e Consider what needs to be stored, what would be nice to store,
and what doesn't need to be stored

e Abstraction helps
e PROV model organizes and connects a variety of provenance
® Provenance isn't just for keeping a paper trail
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Conclusion: References

e Bose and Frew: "Lineage Retrieval for Scientific Data Processing: A
Survey”

e Simmhan et al.: "A Survey of Data Provenance in E-Science”
e Tan, "Provenance in Databases: Past, Current, and Future”

e Freire et al.: "Provenance for Computational Tasks: A Survey"
e PROV Model Primer: http.// www.w3.org/TR/prov-primer/
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